Background & Aims-The functional involvement of the endocannabinoid system in modulation of pancreatic inflammation, such as acute pancreatitis, has not been studied to date. Moreover, the therapeutic potential of cannabinoids in pancreatitis has not been addressed.
nociceptive mechanisms in pancreatitis. 1-5 For example, abdominal hyperalgesia observed upon cerulein-induced murine pancreatitis was recently found to closely represent the pain syndrome seen in human disease. 3-5 Involvement of peripheral nociceptive neurons 5 as well as central neurons in the spinal cord 6 and rostroventral medulla 3 has been demonstrated in pain associated with pancreatitis. In addition to mediating and modulating pancreatic pain, neural innervation of the pancreas plays an important role in edema, inflammatory responses, and vascular processes in pancreatitis and significantly affects disease initiation and progression . 6 Recently, the endocannabinoid system has been identified as a major regulator of physiological and pathological processes, such as pain, inflammation, cell growth, cell death, and as a regulator of diverse gastrointestinal functions, such as intestinal motility and secretion. 7 Although cannabinoid-induced analgesia was initially primarily attributed to the activation of cannabinoid receptor 1 (CB1) in the nervous system, later studies demonstrated a contribution of cannabinoid receptor 2 (CB2), localized peripherally on immune cells as well as in the nervous system. 7-9 A complex interplay between endogenously released cannabinoids, such as anandamide or 2-arachidonoylglycerol, and their receptors both on inflammatory cells and neurons is involved in modulation of inflammatory pain. 7 However, the significance of the endocannabinoid system and of exogenously applied cannabinoids has not been adequately addressed in the context of visceral inflammatory pain. In this article, we demonstrate the in vivo significance and therapeutic potential of cannabinoids in inflammation and pain associated with pancreatitis using human specimens and mouse models as test systems.
Materials and Methods

Patients and Tissue Sampling
Tissue samples were collected from patients following pancreatic resections for acute pancreatitis (n = 19). Normal pancreatic tissue samples were obtained through an organ donor procurement program whenever there was no suitable recipient for pancreas transplantation (n = 10). Pancreatic tissues were immediately snap frozen at −80°C or formalin fixed and paraffin embedded. Local ethical committees approved the use of human tissue for the analysis (University of Heidelberg, Germany and the University of Berne, Switzerland), and written informed consent was obtained.
Measurement of Endocannabinoids
For endocannabinoid measurements, pancreatic tissue specimens from acute pancreatitis were dissected, and necrotic parts were removed prior to analysis. Levels of anandamide (AEA), 1-arachidonoylglycerol (1-AG), and 2-arachidonoylglycerol (2-AG) in frozen human pancreas samples were determined by liquid chromatography/mass spectrometry as described previously. 10
Cerulein-Model for Pancreatitis and Pharmacological Treatment
All animal procedures were performed according to local ethical guidelines. Cerulein (50 μg/ kg/injection in saline (Takus, Pharmacia, Karlsruhe, Germany) or saline (control) was administered intraperitoneally 10 times at hourly intervals to age-and gender-matched C57BL/ 6J mice. The synthetic cannabinoid, HU210 (0.05 mg/kg in saline), the CB1-specific antagonist (AM251; 3 mg/kg intraperitoneally), and the CB2-specific antagonist (AM630; 1 mg/kg) (all from Tocris Bioscience, Ellisville, MD) were administered subcutaneously 11 either alone or in combinations (information to follow) at 30 minutes before and 4 hours after the first injection of cerulein or saline. AM251 and AM630 were dissolved in one drop of Tween-20 (Roth, Karlsruhe, Germany) in 3 mL 2.5% di-methylsulfoxide in saline, 11 and control animals were given the vehicle only. In total, 10 groups of animals were used: (1) intraperitoneal saline (control, n = 8); (2) intraperitoneal saline + subcutaneous HU210 (n = 6); (3) intraperitoneal cerulein (n = 8); (4) intraperitoneal cerulein + subcutaneous HU210 (n = 8); (5) intraperitoneal cerulein + subcutaneous HU210 + subcutaneous AM251 (n = 8); (6) cerulein + subcutaneous HU210 + subcutaneous AM630 (n = 6); (7) cerulein + subcutaneous HU210 + subcutaneous AM251 + subcutaneous AM630 (n = 8); (8) cerulein + subcutaneous AM251 (n = 8); (9) cerulein + subcutaneous AM630 (n = 8); and (10) cerulein + subcutaneous AM251 + subcutaneous AM630 (n = 8).
Behavioral Testing
Behavioral measurements were carried out in awake, unrestrained mice in a blinded manner using standardized methods. 12 Frequency of abdominal nocifensive responses (licking of the abdomen, abdominal and/or whole-body withdrawal) to graded punctate abdominal pressure was analyzed using von Frey filaments (0.008g to 0.6g). Withdrawal frequency was calculated as the mean number of withdrawals out of 10 applications of the respective filament at 10-second intervals. As described previously, potential central side effects of HU210 were evaluated in the open-field test, 12 light/dark test, 12 and catalepsy tests. 13
Immunohistochemical Analysis and Immunoblotting
Immunohistochemistry on paraffin sections of human pancreas was performed using rabbit anti-CB1 and anti-CB2 antibodies (Cayman Chemical, Ann Arbor, MI) as described previously. 14 Specificity controls included preadsorption of the primary antibody (1 μg) with the corresponding blocking peptide (1 μg) for 1 hour at 37°C. Immunoblotting of normal human pancreas and acute pancreatitis tissue lysates was performed using rabbit anti-CB1 and anti-CB2 antibodies (2.5 μg/mL and 2.0 μg/mL, respectively) ± corresponding blocking peptide preincubated for 1 hour at 37°C,-as described previously. 14 Histology Scoring, Serum Lipase, Pancreatic Myeloperoxidase, Interleukin-6, and KC1 Levels Following behavioral analyses, mice were anesthetized, and mixed arteriovenous blood and pancreata were collected. The wet weight/dry weight ratio of mouse pancreata was determined as described previously. 15,16 Whole blood glucose levels were determined using an Accucheckcomfort device (Roche, Mannheim, Germany). Serum lipase levels were measured in the central clinical laboratories (Heidelberg University) according to locally defined guidelines. Histological grading was performed on hematoxylin-eosin-stained paraffin sections (5 μm) by a clinical pathologist unaware of the experimental design using modified criteria, which have been described in detail previously. 6 Total histological score (0 -3) was expressed as the sum of edema, neutrophil infiltration, and tissue necrosis scores. Myeloperoxidase (MPO) and interleukin-6 (IL-6) levels were quantified using a mouse MPO-ELISA kit or a mouse IL-6 ELISA kit on tissue homogenates according to the manufacturers' instructions (HyCult Biotechnology, Uden, the Netherlands or BD Biosciences, San Diego, CA). Total RNA was isolated using an RNeasy mini kit and replacing RLT buffer with Trizol (Qiagen, Hilden, Germany). Quantitative real-time reverse-transcription polymerase chain reaction was performed as described previously. 14 Mouse KC1 mRNA was amplified by using the primers sense: 5′-TAG TAG AAG GGT GTT GTG CGA AA-3′and antisense: 5′-CGA GCG AGA CGA GAC CAG GAG-3′.
Statistical Analysis
Results are expressed as mean ± SEM. The Mann-Whitney U test and analysis of variance for random measures followed by Bonferroni's post hoc test were used to evaluate statistical significance. Significance was established at P < . 05 .
Results
Regulation of CB1, CB2, and Endocannabinoids in Human Acute Pancreatitis
Immunohistochemical analyses of normal human pancreata revealed weak immunoreactivity for CB1 and CB2 in pancreatic acini (arrowheads), nerves (insets), blood vessels, and duct cells (arrows) ( Figure 1A and G). Vital pancreatic parenchyma in acute pancreatitis specimens displayed a striking increase in immunostaining of CB1 in ducts and a moderate increase in nerves (insets) and acini as compared to normal pancreas ( Figure 1B) , whereas acinar and ductal CB2 appeared to be increased to a lesser extent than CB1 ( Figure 1H ). Acinar cells in the vicinity of severe necrosis in human acute pancreatitis specimens revealed intense cytoplasmic CB1 and CB2 immunoreactivity (Figure 1C and I; magnified in respective insets). Furthermore, acinar cell necrosis in cerulein-induced acute pancreatitis showed a strong immunoreactivity for both CB1 and CB2 (dotted arrows, Figure 1F and L).
To evaluate significance of the cannabinoid system in acute pancreatitis, we used the wellestablished mouse model of cerulein-induced acute pancreatitis. 6 Importantly, following cerulein-induced pancreatitis, the mouse pancreas demonstrated similar changes in CB1 and CB2 immunoreactivity ( Western blot analysis on human pancreas using the anti-CB1 antibody revealed a prominent up-regulation of a 125-kDa band (which was abolished in preadsorption controls) in acute pancreatitis ( Figure 1M ), thereby corroborating our observations from immunohistochemistry experiments. Furthermore, Western blotting using the anti-CB2 antibody confirmed a weakto-moderate up-regulation of approximately 28 kDa and 36 kDa bands corresponding to CB2 (which were abolished in preadsorption controls) in acute pancreatitis ( Figure 1N ).
We then addressed whether levels of endocannabinoids are up-regulated in pancreatitis concomitant with changes in expression of cannabinoid receptors. Several endocannabinoids, such as anandamide (AEA), 1-and 2-arachidonoylglycerol (1-AG, 2-AG) were detectable in human pancreas tissues, whereas oleoylethanolamide was not detectable ( Figure 1O ). Interestingly, anandamide was increased 6.6-fold in biopsy material from patients with acute pancreatitis over normal human pancreas (P = .002). In contrast, levels of 1-AG and 2-AG remained unchanged ( Figure 1O ; P = .93).
Functional Significance of the Endocannabinoid System in Acute Pancreatitis
To evaluate the potential functional relevance of increased endocannabinoid release and upregulation of cannabinoid receptors in human disease, we performed experiments with CB1/ CB2 antagonists in the cerulein model of acute pancreatitis in mice. Consistent with previous reports, 6,17 treatment of mice with cerulein led to a steep increase in serum levels of lipase, tissue MPO, IL-6, and KC1 mRNA expression (Figure 2A and B) , pancreatic wet weight/dry weight ratio (Figure 2A ), and to characteristic histological changes associated with acute pancreatitis ( Figure 1E and K). AM251 and AM630 were used as specific antagonists to block CB1 and CB2, respectively. Neither disease pathology nor serological and inflammatory markers (serum lipase, pancreatic tissue MPO and IL-6 levels, wet/dry weight ratio) were affected by treatment with CB receptor antagonists (Figure 2A and B) . However, with combined application of AM251 and AM630, there was a trend for a further increase in serum lipase levels and pancreatic MPO levels, which did not reach statistical significance (Figure 2A) . Surprisingly, administration of AM630 alone or in combination with AM251 reduced KC1 mRNA levels (P < .05; Figure 2B ).
Because disease pathology was not significantly worsened by application of CB1/CB2 antagonists, we addressed effects on pancreatitis-induced pain. Abdominal pain is a cardinal feature of acute pancreatitis. Here, we assessed pancreatitis-induced pain by studying nocifensive reactions to acute, punctuate stimuli applied to the abdomen of mice. Mice with acute pancreatitis demonstrated a significant increase in the response frequency to forces of 0.008g, 0.02g, 0.04g, or 0.07g (P < .01, respectively; Figure 3A) . These results show that acute pancreatitis is accompanied by marked mechanical hyperalgesia and allodynia. When cannabinoid receptor antagonists were administered to animals with acute pancreatitis, the frequency of withdrawal was increased in response to forces of 0.008g, 0.07g, and 0.16g for AM251 alone (P < .05; Figure 3B ), 0.07g and 0.16g for AM630 alone (P < .01; Figure 3C ), or 0.008g, 0.07g, and 0.16g for AM251 in combination with AM630 (P < .01; Figure 3D ). These results suggest that the endocannabinoid system tonically inhibits pain associated with pancreatitis.
Cannabinoid Treatment Reduces Inflammation and Disease Pathology in Acute Pancreatitis
We then addressed whether an augmentation of the endocannabinoid system via exogenously applied cannabinoids could be beneficial in acute pancreatitis. Cannabinoid receptors were activated by treatment with HU210, a synthetic agonist at CB1 and CB2. 11 Intraperitoneal application of HU210 led to a reduction of the levels of various serological and inflammatory markers, such as serum lipase (P < .015; Figure 4A ), pancreatic MPO (P = .001; Figure 4A ), pancreatic IL-6 levels (P = .02; Figure 4B ), as well as pancreatic KC1 mRNA (P = .08; Figure  4B ). Furthermore, HU210 significantly reduced the pancreatic edema as judged by pancreas wet weight/dry weight ratio (P = .007; Figure 4A ). Pancreatitis-associated tissue histopathology was ameliorated with HU210, with a 40% reduction in overall histology score of edema, neutrophil infiltration, and acinar cell necrosis (P < .05; data not shown). The incidence of acinar cell necrosis was lower in HU210-treated mice (0% to 0.5% overall necrosis) than in the saline-treated group with acute pancreatitis (2% overall necrosis). To assess whether pancreatitis or cannabinoids impact upon glucose metabolism, we assessed serum glucose levels in mice with acute pancreatitis. Surprisingly, glucose levels were significantly lower in animals with cerulein-treated mice compared with saline-treated mice (P = .0002, data not shown). However, glucose levels remained unaffected by HU210 treatment in these mice (P = .38; data not shown).
The Anti-Inflammatory Effects of HU210 in Pancreatitis Are Mediated by CB1 and CB2
We then performed pharmacological interventions in order to study mechanisms mediating the beneficial effects of HU210 on inflammation associated with pancreatitis. Treatment with either AM251 or AM630 did not significantly alter the anti-inflammatory effects of HU210, as judged by serum levels of lipase, pancreatic MPO, IL-6, and KC1 mRNA as well as the pancreatic wet/dry weight ratio ( Figure 4A and B) . In contrast, a combination of AM251 and AM630 fully reversed the beneficial effects of HU210 on pancreatitis-induced inflammatory changes as judged by increased serum lipase, pancreatic MPO, and IL-6 levels (P < .05, respectively; Figure 4A and B). Both AM251 and AM630 worsened the pancreatitis histology score by 20% and 24%, respectively, when compared with animals receiving HU210 alone.
CB1 and CB2 Mediate Cannabinoid-Induced Analgesia in Pancreatitis
One of the most important aims of this study was to test whether treatment with exogenous cannabinoids can alleviate pain associated with pancreatitis. After cerulein administration, mice treated with HU210 developed hyperalgesia and allodynia to abdominal pressure to a much lesser extent as compared to mice with mock treatment. At all pressures tested (from 0.008g to 0.6g), withdrawal latencies were significantly decreased in the presence of HU210 ( Figure 5A ; P < .001). Administration of HU210 to control mice in the absence of pancreatitis did not affect nociceptive responses ( Figure 5B ; P > .05).
Furthermore, we observed that administration of either AM251 or AM630 concurrently with HU210 significantly reduced the beneficial effects of HU210 on pancreatitis-associated abdominal hypersensitivity (Figure 5C and D; P < .05). Similar effects were seen with a combination of AM251 and AM630 together with HU210 ( Figure 5E ; P < .01). These data indicate that both CB1 and CB2 are required for the antinociceptive effects of HU210 in pancreatitis.
Absence of Central Side Effects on CB Receptor Antagonist and HU210 Treatment in Acute Pancreatitis
Side effects such as sedation, psychotropic effects, and motor dysfunction can limit the use of cannabinoids to alleviate pain. It was therefore important to ensure that these parameters do not confound our analysis of the antinociceptive effects of HU210 and were not influenced by CB receptor antagonist treatment. Mice with acute pancreatitis did not demonstrate any overall impairment of locomotor functions following HU210 administration, as judged via vertical and horizontal activity in the open field test compared with mice receiving saline injections ( Figure 6A) . Furthermore, time spent in the center of the open field ( Figure 6A ) and grooming ( Figure 6B ) remained unchanged upon HU210 treatment, suggesting that, at the dose used here, HU210 did not affect anxiety levels in mice, which was further confirmed in the light-dark test ( Figure 6B) . Similarly, combined administration of HU210 with antagonists at CB1 or CB2 did not have any effect on motor performance or affective behavior ( Figure 6A and B) . Furthermore, administration of AM251 and AM630 did not significantly alter behavior in these tests ( Supplementary Figure 2A and B) (See supplementary figures online at www.gastrojournal.org.). Catalepsy is another classical behavior associated with cannabinoids, which is believed to be mediated by receptors in the central nervous system. 13 In the ring-catalepsy test, we observed that the dose of HU210 used in this study failed to induce freezing behavior in mice ( Figure 6C ). Taken together, these results show that the dose of HU210, which abrogated pancreatitis-induced abdominal pain in our mouse model, did not produce side effects such as catalepsy, inhibition of activity, impaired ambulation, or psychotropic effects.
Discussion
The most important finding of this study is that activation of cannabinoid receptors is beneficial against abdominal pain as well as disease pathology of cerulein-induced acute pancreatitis. Pain management is a key cornerstone in the conventional therapy of acute pancreatitis and still represents a major clinical challenge. In-sufficient pain control results in high respiratory rates, reduced lung function, and inadequate ingestion, factors that significantly delay recovery and may worsen the course of the disease. 1,2 The use of opioids as a standard therapy regimen is effective but frequently results in severe and difficult-to-handle side effects, such as nausea, vomiting, decreased gastrointestinal motility, and adynamia, which overlap with the symptoms of pancreatitis. 2 Nonsteroidal analgesics lack these side effects but do not provide adequate pain relief. We demonstrate here that a cannabinoid completely blocked abdominal pain in a state of cerulein-induced acute pancreatitis. Importantly, this beneficial effect was elicited following systemic delivery of HU210 at a low dose lacking central side effects, suggesting that HU210 abolished pancreatitis-induced abdominal pain via peripheral mechanisms. Consistent with this appraisal, we could demonstrate that cannabinoid-induced analgesia was not accompanied by effects such as hindrance of activity, motor dysfunction, sedation, or catalepsy, which are typically associated with activation of cannabinoid receptors in the central nervous system. Because lower-abdominal tactile hypersensitivity after pancreatic inflammation essentially represents secondary hyperalgesia and allodynia (phenomena that require sensitization of central synapses), the antinociceptive effects we observed likely occur as a result of cannabinoid-induced decrease in nociceptor excitability and consequently, reduced central sensitization. Consistent with peripheral antinociceptive effects of cannabinoids, CB1 localized on peripheral nociceptive endings has been shown to negatively modulate excitability of nociceptors and inhibit release of peptides, 18 thereby countering neurogenic inflammation. Interestingly, neurogenic inflammation has been postulated to be a key mechanism in the pathophysiology of acute pancreatitis. 19 In addition to CB1, we also observed a CB2-component to the antinociceptive effects of HU210 in cerulein-induced pancreatitis. Although a functional contribution of CB2 expressed on nerves is possible, the anti-inflammatory effects of CB2 could also indirectly account for its antinociceptive role. Our anatomical data from human specimens reveal the presence and up-regulation of both CB1 and CB2 in neural, as well as non-neural cells in the pancreas. Future studies are therefore required to pinpoint the precise loci and mechanisms of cannabinoid-induced anti-nociception in acute pancreatitis.
Another key feature of acute pancreatitis is local inflammation resulting from acinar cell injury, which, if significant and unchecked, can lead to a systemic inflammatory response syndrome, thereby initiating a potentially fatal stage of the disease. 20 The probable benefits of antiinflammatory therapies in acute pancreatitis have been hypothesized previously. 20 In this study, we found that a low dose of HU210, which is devoid of central side effects, does exert moderate anti-inflammatory effects in the pancreas and partially reduces cerulein-induced disease pathology. This finding is consistent with a recent study 11 demonstrating that HU210 exerts local anti-inflammatory effects in a model of experimental colitis in mice, suggesting that cannabinoids are generally beneficial in visceral inflammatory disorders. Whereas CB1 receptors were found to play a key role in the study by Massa et al, we observed that the moderate anti-inflammatory effects achieved via low-dose HU210 in acute pancreatitis largely require both CB1 and CB2 activation. Another interesting aspect of the present study is the finding that anandamide as well as cannabinoid receptors are up-regulated in human pancreatitis. We observed that blockade of CB1 and CB2 led to a significant worsening of pancreatitis-induced pain but produced only a nonsignificant trend toward exacerbation of cerulein-induced disease pathology. These data suggest that in our experimental conditions, an induction of the endocannabinoid system during acute pancreatitis primarily represents an endogenous protective mechanism against pancreatic pain.
Recently, Matsuda et al 21 reported prolonged survival in rats upon AM251 treatment in a model of tauro-cholate-induced necrotizing pancreatitis. Because effects of cannabinoid agonists were not reported in the study by Matsuda et al and cerulein-induced pancreatitis in mice is far less severe, non-necrotizing, and does not lead to animal death, it is difficult to directly compare the outcome of the study by Matsuda et al 21 with the results described in this paper. Our results are more in line with a recent study reporting a protective role for the endogenous cannabinoid system against colonic inflammation in a mouse model of experimental colitis. 9,11,22 Consistent with the above, we now show that acute pancreatitis, a visceral inflammatory disease in humans, is associated with an activation of the endocannabinoid system. Because management of visceral inflammatory diseases should ideally include antinociceptive 23 as well as anti-inflammatory components, our results lay a basis for testing the therapeutic value of cannabinoids as supplements to conventional analgesic therapy. Levels of serological, molecular, and inflammatory markers in acute pancreatitis and effects of CB1/CB2 antagonists. (A) Levels of serum lipase, pancreatic MPO, and the pancreatic wet weight/dry weight ratio are increased in mice following cerulein-induced pancreatitis (black bars) over control animals (white bars; * P < .05). (B) Pancreatic levels of IL-6 protein and KC1 mRNA (normalized to GAPDH expression levels) rise significantly following induction of acute pancreatitis. Treatment with cannabinoid receptor antagonists AM251 or AM630 either alone or in combination did not change levels of these parameters, except pancreatic KC1 mRNA expression (P < .05). * and # represent P < .05 as compared with the saline group or the cerulein group, respectively. (*) Mann-Whitney U test. ( # ) Analysis of variance followed by post hoc Bonferroni's multiple comparison test. n.s. = statistically not significant. Nature and receptor mechanisms of effects of a cannabinoid agonist (HU210) on serological, molecular, and inflammatory markers in acute pancreatitis. Subcutaneous treatment with HU210 (0.05 mg/kg intraperitoneally) led to decreased serum lipase (P = .015), pancreatic MPO levels, and pancreatic IL-6 levels (P = .001 and P = .02, respectively; A, B), which was reversed completely by a combination of AM251 and AM630 ( # P < .05). Pancreatic edema (as judged by wet weight/dry weight ratio) was significantly reduced by HU210 (P = .007) with a tendency toward reversal by CB receptor antagonists (P > .05). Data are shown as mean ± SEM. * ,# P < .05; Mann-Whitney U test. (*) analysis of variance with post hoc Bonferroni's multiple comparison test ( # ). 
